Abstract There are a number of hypophosphatemic disorders due to renal phosphate wasting that cannot be explained by elevated levels of parathyroid hormone. The circulating factors responsible for the phosphaturia have been designated as phosphatonins. Studies of patients with tumor-induced osteomalacia and other genetic diseases of phosphate metabolism have resulted in the identification of a number of hormones that regulate phosphate homeostasis, including matrix extracellular phosphoglycoprotein (MEPE), secreted frizzled-related protein 4 (sFRP-4), dentin matrix protein 1 (DMP1), fibroblast growth factor 7 (FGF7), fibroblast growth factor 23 (FGF23), and Klotho. Our understanding of the actions of these hypophosphatemic peptides has been enhanced by studies in mice either overexpressing or not expressing these hormones. This review focuses on FGF23 since its regulation is disordered in diseases that affect children, such as X-linked hypophosphatemia, autosomal dominant and recessive hypophosphatemic rickets as well as chronic kidney disease. Recent studies have shown that FGF23 is unique among the FGFs in its requirement for Klotho for receptor activation. Here, we also discuss new potentially clinically important data pointing to the receptor(s) that mediate the binding and action of FGF23 and Klotho.
Introduction
An adult ingests about 1.5 g of phosphorus per day, of which two-thirds is absorbed by the intestine by both a transcellular and paracellular route. An adult must excrete the absorbed phosphate to remain in phosphate balance; however, a child is in positive phosphate balance for growth. Phosphate plays an important and necessary role in nucleotide generation, including ATP, in the formation of 2,3-diphosphoglycerate for facilitating oxygen release from hemoglobin, in the formation of phospholipids, and in the regulation of many proteins. It is also a structural element for bone, functions as a urinary buffer, and is necessary for virtually every enzymatic process. For these reasons, the serum phosphorus level is very tightly regulated. The regulation of phosphate has traditionally been thought to be mediated by parathyroid hormone (PTH), which acts on bone, causing bone resorption, and on the kidney, causing phosphaturia and increased levels of circulating 1,25 (OH) 2 vitamin D 3 , which is turn predominantly acts on the intestine to increase calcium and phosphate absorption.
About 90% of the plasma phosphate is filtered by the glomerulus, of which approximately 15% is excreted in the urine when the dietary intake is normal. With hypophosphatemia that is not due to renal wasting, less than 10% of the filtered phosphate is excreted in the urine. Approximately 90% of the filtered phosphate is reabsorbed by the proximal tubule; the rest is reabsorbed distally by an as yet unknown distal mechanism. Luminal phosphate is absorbed from the glomerular ultrafiltrate by an electrogenic phosphate transporter designated as NaPi-2a (sodium-dependent phosphate transporter 2a) that transports three sodium ions into the proximal tubule cell for each phosphate ion and an electroneutral transporter designated as NaPi-2c that transports two sodium ions for each phosphate [1] . The driving force for apical phosphate transport is the low intracellular sodium mediated by the basolateral Na + /K + -ATPase. Phosphate exits the cell across the basolateral membrane by an as yet to be characterized transporter.
Both the NaPi-2a and NaPi-2c transporters are concurrently regulated and increase in abundance on the apical membrane with dietary phosphate deprivation and decrease when a high phosphate diet is ingested [2] [3] [4] [5] . Parathyroid hormone reduces the abundance of NaPi-2a on the brush border membrane, resulting in a decrease in phosphate transport and phosphaturia [6] [7] [8] . The effect of dietary phosphate on NaPi-2a abundance has been observed in thyroparathyroidectomized animals, indicating that it is independent of the action of PTH [9] . Administration of a high phosphate diet or high amounts of PTH results in a rapid decrease in brush border membrane NaPi-2a abundance and internalization into lysosomes [5, 10, 11] . Thus, the regulation of NaPi-2a likely does not involve recycling, but rather synthesis and insertion and endocytic vesicle removal and degradation. On the other hand, decrease in the expression of NaPi-2c following the ingestion of a high phosphate diet is slower than that of NaPi-2a, and immunohistochemistry studies have shown that NaPi-2c is translocated to the subapical compartment of the proximal tubule [5] . Acute administration of PTH results in the decreased expression of NaPi-2c on brush border membrane, similar to that of NaPi-2a, albeit relatively slowly. Moreover, intact microtubules are essential for the internalization of NaPi-2c, unlike NaPi-2a [11] . The mechanisms of intracellular degradation of NaPi-2c are not well known, unlike those for NaPi-2a.
While 1,25 (OH) 2 vitamin D 3 and PTH actions can explain most of the physiological and pathophysiological processes of phosphate metabolism, there are several disorders, many of which affect children, that cannot be explained by the dysregulation of these hormones alone. The unknown factors responsible for hypophosphatemia and phosphaturia were therefore designated as phosphatonins.
Many phosphatonins, including matrix extracellular phosphoglycoprotein (MEPE), secreted frizzled-related protein 4 (sFRP-4), dentin matrix protein 1 (DMP1), fibroblast growth factor 7 (FGF7), FGF23, and Klotho, have been identified. MEPE, sFRP-4, DMP1, FGF7, and FGF23 mRNAs have been found to be highly expressed in tumors associated with tumor-induced osteomalacia, a condition characterized by low serum phosphorus levels [12, 13] . The administration of sFRP-4 to rats results in a decrease in serum phosphorus levels and an increase in the fractional excretion of phosphate (FE PO4 ) [14] . However, sFRP-4 levels are not affected by serum phosphorus levels in patients with chronic kidney disease, nor does sFRP-4 appear to play a role in the hypophosphatemia seen in patients after renal transplant [15] . FGF7 inhibits phosphate transport in vitro, but its role in hypophosphatemic conditions has not been examined [12] . MEPE also causes phosphaturia when administered to rats, with no observable change in the glomerular filtration rate [16] . Unlike sFRP-4, serum MEPE levels correlate with serum phosphorus and PTH levels, which is consistent with MEPE having a role in the regulation of phosphorus metabolism [17] . In addition, high serum MEPE levels have been measured in patients with X-linked hypophosphatemia [18] . Inactivating mutations in DMP1 result in autosomal recessive hypophosphatemic rickets [19] . Patients with this disorder and DMP1 null mice have very high levels of FGF23 [19] . Although studies on the regulation of phosphate homeostasis by these phosphatonins are relatively recent, a considerable body of knowledge has been compiled on the regulation of phosphorus by FGF23 and Klotho. This review focuses on the hypophosphatemic and hyperphosphatemic disorders that are due to the dysregulation of Klotho and FGF23. We also discuss how Klotho and FGF23 interact to regulate phosphate transport and serum phosphorus levels.
Role of FGF23 and Klotho on proximal tubule phosphate transport
Substantive data show that elevated serum levels of FGF23 result in low levels of 1,25 (OH) 2 vitamin D 3 , hypophosphatemia, and increased renal phosphate wasting. The implantation of Chinese hamster ovary cells that express high levels of FGF23 into nude mice results in hypophosphatemia due to renal phosphate wasting as well as low serum levels of 1,25 (OH) 2 vitamin D 3 [20, 21] . Similarly, transgenic mice that overexpress FGF23 have low serum phosphate, low serum 1,25 (OH) 2 vitamin D 3 levels, and decreased renal expression of NaPi-2a as well as resultant renal phosphate wasting [22, 23] . These mice demonstrate severe rickets comparable to that of Hyp mice [23] . The FGF23 effect on 1,25 (OH) 2 [20, 36] . However, in the presence of heparin, which has been shown to enhance the binding of other FGFs to FGF receptors [37, 38] , FGF23 has been found to inhibit phosphate transport in OK cells via a MAPK pathway [39] . We have previously demonstrated that in tubules perfused in vitro, FGF23 had an effect on the basolateral membrane in the presence but not in the absence of heparin [40] .
Studies examining the factors that regulate FGF23 are often difficult to interpret since there are changes in serum levels of calcium, phosphate, 1,25 (OH) 2 vitamin D 3 , and parathyroid hormone with manipulation of any one of these factors [41] . In vivo studies on rodents have shown that serum FGF23 levels and FGF23 mRNA levels in the bone increase with the administration of 1,25 (OH) 2 vitamin D 3 in wild-type mice, mice that have lack parathyroid glands (Gcm2 mice), Hyp mice (murine model for X-linked hypophosphatemic rickets), and wild-type rats [42, 43] . In addition, the administration of 1,25 (OH) 2 vitamin D 3 to rats that had a thyroparathyroidectomy or 5/6 nephrectomy also increases serum FGF23 levels [43] , suggesting that the increase in FGF23 levels is independent of PTH. Moreover, vitamin D receptor null mice (VDR -/-mice) have low serum FGF23 levels, reiterating the importance of 1,25 (OH) 2 vitamin D 3 in the regulation of FGF23 [28, 43, 44 ]. An in vitro study by Liu et al. [42] demonstrated that the addition of 1,25 (OH) 2 vitamin D 3 to osteoblasts in culture increased FGF23 mRNA levels and that 1,25 (OH) 2 vitamin D 3 increased the promoter activity of the FGF23 gene via a vitamin D response element in the promoter region of FGF23. Thus, FGF23 promoter activity is stimulated by 1,25 (OH) 2 vitamin D 3 [42] . The FGF23 promoter was found to be mildly suppressed by PTH and not affected by calcium and phosphate levels [42] . Another study using a smaller part of the FGF23 promoter showed that the predominant regulator of FGF23 gene expression is 1,25 (OH) 2 vitamin D 3 [45] . Phosphorus increased promoter activity in a manner that was additive to the effect of 1,25 (OH) 2 vitamin D 3 , but there was no effect of calcium [43] . These data clearly show that 1,25 (OH) 2 vitamin D 3 regulates serum FGF23 levels and FGF23 mRNA levels in the bone. However, this is likely to counterbalance the increase in phosphate absorption from the gut by 1,25 (OH) 2 vitamin D 3 as FGF23 causes urinary phosphate loss.
There is also significant evidence that FGF23 is regulated by serum phosphate levels. In mice, dietary phosphate intake is reflected by changes in serum phosphate levels [46] . A high phosphate diet increases FGF23 levels, whereas a low phosphate diet causes a reduction in FGF23 levels [44] [45] [46] . These dietary phosphate-induced changes in FGF23 levels is also seen in rats with chronic renal failure secondary to 5/6 renal ablation [43] . Serum phosphorus-mediated changes in serum FGF23 levels are paralleled by changes in mouse bone FGF23 mRNA abundance [46] . A similar dietary effect of phosphate on serum FGF23 has been confirmed in humans [47, 48] . To tease out whether changes in dietary phosphate content can cause a change in serum FGF23 levels independent of 1,25 (OH) 2 vitamin D 3 , VDR -/-mice were fed a diet high in calcium and phosphate; this normalized the serum levels of phosphate as compared to those of wild-type mice. At baseline, VDR -/-mice have undetectable levels of FGF23, but when serum phosphate levels were normalized by diet, serum FGF23 levels increased [44] . This result suggests that serum phosphorus levels can regulate serum FGF23 levels independent of the actions of 1,25 (OH) 2 vitamin D 3 [44] . The complex interaction between the bone, where FGF23 is primarily synthesized, gastrointestinal tract, kidney, and parathyroid gland is shown in Fig. 1 .
What is known thus far is that FGF23 is a phosphaturic hormone causing both hypophosphatemia and low serum levels of 1,25 (OH) 2 vitamin D 3 . There is also evidence that both phosphorus and 1,25 (OH) 2 vitamin D 3 regulate FGF23 levels in the serum. However, many questions still remain unanswered. Is a cofactor essential for the interaction of FGF23 with its receptor? If so, is heparin that cofactor, or is there another cofactor that determines the specificity of the actions of FGF23. As will become clear below, it is likely that the proximal tubule synthesizes its cofactor in order to facilitate binding to the apical membrane receptors.
There are several lines of evidence suggesting that the actions of FGF23 and Klotho may be linked. Both Klotho null mice and FGF23 null mice age prematurely, have a shortened life span [30, 33, 49, 50] , have high serum phosphate levels, high levels of NaPi-2a on the renal brush border, and high 1,25 (OH) 2 vitamin D 3 levels, and develop ectopic calcifications, including vascular calcifications [30, 33, [49] [50] [51] . The FGF23 levels in Klotho null mice are 150-fold higher than those in control mice, yet these significantly higher levels of FGF23 do not correct the hyperphosphatemia [51] . Injection of an anti-Klotho antibody into wild-type mice results in an increase in 1,25 (OH) 2 vitamin D 3 , serum FGF23 and serum phosphorus levels, and in renal brush border membrane NaPi-2a expression [52] . This is consistent with the absence of an effect of circulating FGF23 as is seen with the administration of neutralizing FGF23 antibodies [29] . Transgenic mice that overexpress FGF23 and are Klotho-deficient have a Klothodeficient phenotype, which is consistent with the requirement for Klotho for the action of FGF23 [53] . Furthermore, Klotho/FGF23 double knock out mice have a phenotype that is not different than either knockout alone. The administration of FGF23 to the Klotho/FGF23 double knock out mice did not reduce the elevated serum levels of phosphorus. These results provide compelling evidence that Klotho is necessary for the action of FGF23 in vivo [51, 54] .
Klotho protein has been localized to the distal convoluted tubule, parathyroid gland, choroid plexus, pituitary gland and in the reproductive organs [55] . The addition of Klotho protein to either the apical or basolateral side of the proximal tubule-like cells in culture results in a decrease in phosphate transport [56] . Many questions remain unanswered about Klotho. How does Klotho protein affect proximal tubule phosphate transport? Does Klotho protein get filtered or secreted into the lumen of the proximal tubule to exert an effect on the apical membrane? How does Klotho protein act to affect phosphate transport? How can Klotho and FGF23 affect phosphate transport independently of each other in vitro, while the loss of function of either protein results hyperphosphatemia in vivo?
FGF23 and Klotho receptor binding and signal transduction
Fibroblast growth factors mediate their action by binding to one of four receptor kinases, designated as FGFR1-4 [57, 58] . Alternative splicing of the third immunoglobulin-like portion results in "b" and "c" isoforms of FGF receptors 1, 2, and 3 [57, 58] . Of these four receptors, only FGFR1, FGFR3, and FGFR4 are present on the proximal tubule [26] . Unlike other FGFs, FGF23 does not bind to FGF receptors even in the presence of heparin [52] .
The receptor for FGF23 remained enigmatic until recently when the similarity in the phenotype between FGF23 and Klotho null mice provided a clue as to the mechanism of action [52, 59] . While FGF23 does not bind to any FGF receptor, Klotho binds to all of them [59] . In the presence of Klotho, FGF23 binds to FGFR1c, FGFR3c, and FGFR4 [59] . Heparin stabilizes the binding of FGF23 to the Klotho FGFR1 complex [52] . The binding of FGF23 to the Klotho-FGF receptor complex results in FGF receptor phosphorylation and activation of the extracellular signal regulated kinase (ERK) pathway [52, 59] . The above studies were all performed in vitro 2 vitamin D 3 , which in turn decreases PTH levels as a negative feedback mechanism. PTH also decreases NaPi-2a and NaPi-2c expression. FGF23 decreases PTH secretion. The solid lines indicate positive regulation, and the dotted lines indicate negative regulation using co-immunoprecipitation and immunoblotting techniques. The hypothesized interaction between FGF23, the FGF receptor, Klotho, and heparin is shown in Fig. 2 .
The receptors that mediate the actions of FGF23 in vivo are uncertain at present. If one receptor mediates the action of FGF23, then compared to the controls the absence of that receptor would be expected to result in hyperphosphatemia, an increase in renal brush border membrane NaPi-2a protein abundance, an increase in serum 1,25 (OH) 2 vitamin D 3 levels, and an elevation in serum FGF23 levels. This is not observed in FGFR3, FGFR4, and FGFR1 null mice, where the FGFR1 receptor is ablated in the nephron [26, 60] . Administration of FGF23 to FGFR3 and FGFR4 null mice results in a reduction in serum phosphorus levels, brush border membrane NaPi-2a protein abundance, and 1,25 (OH) 2 vitamin D 3 levels; these results are consistent with none of these receptors playing a primary role in the action of FGF23 [26] . The administration of FGF23 to mice in which FGFR1 is deleted along the nephron failed to decrease serum phosphorus levels or brush border membrane NaPi-2a protein abundance, which is consistent with FGFR1 being the predominant FGFR receptor in vivo [26] . Hyp mice, which have elevated levels of FGF23 and low 1,25 (OH) 2 vitamin D 3 and phosphorus levels, did not have a correction in the metabolic abnormalities seen in Hyp mice when crossed to either FGFR3 or FGFR4 null mice [60] . While it appears that FGF23 cannot regulate phosphate homeostasis without Klotho, the reverse is not the case. Klotho can bind to FGF receptors without FGF23 [59] . Klotho can inhibit phosphate transport in proximal tubule cells in vivo and can reduce serum phosphorus levels by promoting a phosphaturia in vivo [56] . Klotho has a direct effect on the lumen and bath of the proximal tubule to reduce NaPi-2a expression [56] . The implication of this is unclear, and future studies will shed more information.
Human disorders with altered serum FGF23 and Klotho levels
FGF23 is a 251-amino acid protein (approx. 32 kDa) with an N terminal signal peptide and a novel C-terminal end [61] . It is cleaved between arginine 179 and serine 180 , resulting in an N-terminal fragment (18 kDa) and a C-terminal fragment (12 kDa). The amino acid sequence adjacent to the cleavage site is Arg 176 -X-X-Arg 179 , which is recognized by a subtilisin-like proprotein convertase, furin [20] . Inhibitors of proprotein convertase have been shown to inhibit the proteolytic cleavage of FGF23 [62] . The FGF receptor (FGFR) binding domain is in the N-terminal fragment, and the Klotho binding domain lies in the C-terminal [29] . FGF23 is predominantly expressed in the bone (osteocytes/osteoblasts), but it is also expressed in smaller amounts in other organs, including the brain, heart, thymus, muscle, and spleen [63] [64] [65] .
Conditions of FGF23 excess
Autosomal dominant hypophosphatemic rickets FGF23 was first identified as a gene causing human disease in autosomal dominant hypophosphatemic rickets (ADHR) [63] . ADHR was first described in 1971 as a phosphate wasting disease with an autosomal dominant inheritance Activation of FGFR results in the activation of intracellular signaling pathways, which in turn decreases the expression of NaPi-2a, NaPi-2c, and 1α-hydroxylase. This results in decreased phosphate absorption from the proximal tubule and decreased synthesis of 1,25(OH) 2 vitamin D 3 [66] . In ADHR, there is a missense mutation in either the Arg 176 or Arg 179 site, resulting in a FGF23 protein that is not identified or cleaved by furin [21, 67, 68] . This results in high serum levels of full-length FGF23 protein, causing the phenotype of hypophosphatemia, renal phosphate wasting, inappropriately low or normal levels of 1,25 (OH) 2 vitamin D 3 along with skeletal defects that include rickets/osteomalacia, fractures, and dental abscess.
A study of a large kindred with ADHR revealed that ADHR has incomplete penetrance, with variable disease severity and symptoms depending upon the age at presentation [69] . The group of patients who developed the disease as children presented with hypophosphatemia, weakness, bone pain, short stature, rickets, and deformity of their lower extremities. The other group of patients, who developed the disease as adults or adolescents, presented with hypophosphatemia, muscle weakness, bone pain, and pseudofractures, but there was no evidence of rickets or bone deformity. Interestingly, the latter group of patients were all females and in the majority of cases, pregnancy was the precipitating factor resulting in the onset of symptoms. Additionally, some of the patients who presented as children showed a reduction in renal phosphate wasting and an improvement in their symptoms upon entering puberty [69, 70] . All of the patients described in this kindred had normal PTH and alkaline phosphatase levels. Serum FGF23 levels have also been shown to vary with the disease severity [71] .
Tumor-induced osteomalacia
Tumor-induced osteomalacia (TIO) is an acquired paraneoplastic disorder characterized by tumors that are mainly of mesenchymal origin and which produce excessive amounts of phosphaturic peptides [20, [72] [73] [74] [75] . Patients with TIO share a similar phenotype with ADHR patients and present with fatigue, muscle weakness, bone pain, and fractures. Patients with TIO have hypophosphatemia, phosphaturia, inappropriately low levels of 1,25 (OH) 2 vitamin D 3 , and increased serum alkaline phosphatase with evidence of osteomalacia on bone biopsy [76] .
The initial identification of a circulating phosphaturic substance different from PTH was from a patient with TIO [74] . The tumor cells from the patient were grown in vitro, and the growth media induced a decrease in sodiumdependent phosphate transport in opossum kidney cells (proximal tubular cell line) [74] . Thus, the term "phosphatonin" was coined [73] . In addition, implantation of the tumor cells into mice resulted in hypophosphatemia [77] . Further analysis of the tumoral tissue using different techniques revealed increased gene expression of FGF23, MEPE, DMP1, and sFRP-4 [13, 20, 75, 78] . Importantly, these tumors have also been shown to secrete excessive levels of FGF23 [20, 68, 72, 75] , MEPE [79] , FGF7 [12] and sFRP-4 [80] . However, an in vivo study using recombinant cells secreting the different peptides, including DMP1, FGF23, and MEPE, showed that mice implanted with cells secreting FGF23 only showed hypophosphatemia.
Tumors causing TIO are usually benign and of mesenchymal origin, and the majority can be classified as phosphaturic mesenchymal tumors with a mixed connective tissue variant [81, 82] . These tumors are small and thus difficult to localize. When these tumors are localized and removed, the serum FGF23 levels fall rapidly. After tumor removal, the disease phenotype reverses [72] . Even though these tumors are benign, they can recur [74] .
Autosomal recessive hypophosphatemic rickets
Autosomal recessive hypophosphatemic rickets (ARHR) shares a similar phenotype with ADHR [83, 84] . Patients with ARHR have hypophosphatemia, phosphaturia, low or inappropriately normal levels of 1,25 (OH) 2 vitamin D 3 , high serum alkaline phosphatase, and evidence of skeletal defects (rickets/osteomalacia). The genetic defect for ARHR has recently been identified and shown to be due to a homozygous inactivating mutation of the gene encoding for dentin matrix protein 1 (DMP1) [19, 85] . DMP1 belongs to the SIBLING protein family (small Integrin-binding ligand N-linked glycoprotein protein) and is a bone-and teethspecific protein produced by osteocytes/osteoblasts [86, 87] . Patients with ARHR and DMP1 null mice (mouse model for ARHR) have elevated serum levels of FGF23 [19, 85] . It is still unclear as to how a mutation of the DMP1 gene results in elevated levels of FGF23. More confirmatory evidence linking DMP1 and FGF23 come from a study in which Fgf23 -/-mice were cross bred with Dmp1 -/-mice. Dmp1 -/-mice was found to be similar to that of the Fgf23 -/-mouse, indicating that DMP1 is important in the regulation of FGF23 production by the bone and that FGF23 is downstream of DMP1. This result also explains the lack of hypophosphatemia seen in mice implanted with recombinant cells secreting DMP1 even though the DMP1 gene is highly expressed in the tumors of TIO [20] .
Fibrous dysplasia
Fibrous dysplasia (FD) is characterized by fibrous skeletal lesions and mineralization defects of the bone. It may occur in monostotic (single bone lesion) or polyostotic (multiple bone lesions) forms. Patients with McCune Albright syndrome (MAS) have cutaneous hyperpigmented patches, precocious puberty, and polyostotic fibrous dysplasia. Some of the patients with MAS develop the hypophosphatemic phenotype, similar to that of ARHR and ADHR patients [88, 89] . Patients with the hypophosphatemic phenotype have high levels of FGF23, which correlates with the number of skeletal fibrous dysplastic lesions. MAS is due to an activating mutation in GNAS-1, which encodes for the alpha subunit of stimulatory G protein [90] . How this activating mutation in GNAS-1 results in high FGF23 levels is unclear [90] [91] [92] [93] .
X-linked hypophosphatemic rickets
X-linked hypophosphatemia is the most common form of inherited rickets, with an incidence of 1:20,000 [94] . Patients with this disorder have severe hypophosphatemia due to renal phosphate wasting that is not due to hyperparathyroidism, and vitamin D levels are inappropriately normal or low for their level of hypophosphatemia. These abnormal vitamin D levels are due to both a low 25 (OH)D-1α-hydroxylase activity [95] [96] [97] [98] and as well as increased C-24 oxidation of 1,25 (OH) 2 vitamin D, which results in the inactivation of 1,25 (OH) 2 vitamin D [98] . Patients with this disorder present with bone pain, dental abscesses, and rickets that are refractory to treatment with physiologic replacement doses of vitamin D, and they have a marked short stature.
Patients with X-linked hypophosphatemia have a mutation in the PHEX gene, which is an endopeptidase [94, 99, 100] . The Hyp mouse (mouse model of X-linked hypophosphatemic rickets) has a 3′ deletion in the PHEX gene [101] . Patients with X-linked hypophosphatemia and the Hyp mouse have elevated levels of FGF23 [72, 102, 103] . While it originally seemed logical that FGF23 would be a substrate for the endopeptidase and that loss of activity would result in high serum FGF23 levels [35] , it does not appear that the endopeptidase acts on FGF23 [62, 64, 104] . Thus, it remains an enigma as to how a mutation in the PHEX gene results in an increase in FGF23 levels. Furthermore, when Fgf23 null mice were cross-bred with Hyp mice, the resulting phenotype was that of the Fgf 23 null mouse with hyperphosphatemia rather than the hypophosphatemia seen in Hyp mice, suggesting that FGF23 is downstream of PHEX and that FGF23 is essential for causing the Hyp phenotype [49] .
To summarize, the conditions described above have increased serum levels of FGF23, and they are characterized by hypophosphatemia and decreased serum levels of 1,25 (OH) 2 vitamin D 3 . The mechanisms behind the increased FGF23 levels are different in each of these conditions.
Mutations of PHEX, DMP-1, and GNAS-1 function via a common pathway to increase FGF23 levels-but the mechanism is as yet unknown. Future studies will hopefully reveal the precise mechanisms for the increase in FGF23 in the differently inherited hypophosphatemic disorders.
Conditions of FGF23 deficiency
Conditions of FGF23 deficiency result in hyperphosphatemia and increased serum levels of 1,25 (OH) 2 vitamin D 3 , and they have been described in both humans and in animal models. In humans, familial tumoral calcinosis is an autosomal recessive condition characterized by painful depositions of calcium and phosphate in the joints and soft tissues [105] [106] [107] . Mutations in GALNT3 and in the FGF23 gene have been identified to be the cause for this disease. GALNT3 encodes for the enzyme UDP-N-acetyl-alpha-Dgalactosamine; polypeptide N-acetylgalactosaminyl transferase 3 is responsible for O-linked glycosylation of FGF23. The inactivating mutation of GALNT3 protein prevents O-glycosylation of FGF23, resulting in the rapid degradation of the FGF23 protein [107] [108] [109] [110] . Therefore, in patients with GALNT3 mutation, intact FGF23 levels are low, but the C-terminal fragment of FGF23 is elevated [108] . Inactivating mutations of FGF23 have also been shown to cause tumoral calcinosis [111, 112] . A mutation in a highly conserved site of FGF23 (serine 71 ) has been reported in some patients with tumoral calcinosis [112, 113] . This mutation results in a FGF23 protein that either is not secreted in its intact form or is prone to early degradation. Similarly, in mice, deletion of FGF23 results in hyperphosphatemia, hypercalcemia, increased serum levels of 1,25 (OH) 2 vitamin D 3, vascular calcifications, growth retardation, infertility, and a shortened life span [33, 49, 114] .
Human diseases associated with the dysregulation of Klotho
Human diseases involving the dysregulation of Klotho have also been described. A homozygous missense mutation in the Klotho gene causing decreased Klotho levels results in tumoral calcinosis analogous to the tumoral calcinosis seen in patients with decreased FGF23 levels [105] . On the other hand, a translocation of the Klotho gene causing increased Klotho levels results in hypophosphatemic rickets similar to that seen in patients with increased serum FGF23 levels [115] .
FGF23 in chronic kidney disease and end stage renal disease
Disturbances in phosphate homeostasis are also seen in patients with chronic kidney disease (CKD) and end stage renal disease (ESRD). The FGF23 levels in CKD patients are higher than those in control patients, and the reason for this is likely multi-factorial. Hyperphosphatemia is a stimulus for increased FGF23 levels. The administration of 1,25 (OH) 2 vitamin D 3 analogs can in itself cause an increase in FGF23 levels. Moreover, increased FGF23 levels can also represent a decrease in the clearance of FGF23 [48, [116] [117] [118] . Serum FGF23 levels have been found to be higher in hemodialysis patients who died than in those who survived, even when the serum phosphorus levels were comparable in the two groups [119] . Thus, elevated FGF23 levels are associated with an increased risk of mortality in patients on hemodialysis. This association is not found when the serum phosphorus levels are higher than 5.5 mg/dl. High FGF23 levels have recently been associated with an increased risk of secondary hyperparathyroidism in dialysis patients [120] . It is unclear if the association of increased FGF23 levels and mortality in hemodialysis patients is just an association or due to direct harmful effects of FGF23. 
